The HemA enzyme (glutamyl-tRNA reductase) catalyzes the first committed step in heme biosynthesis in the enteric bacteria. HemA is mainly regulated by conditional protein stability; it is stable and, consequently, more abundant in heme 
Heme and related tetrapyrroles have several important functions in the enteric bacteria Salmonella typhimurium and Escherichia coli. Heme b (Fe protoporphyrin IX, or protoheme) and certain modified hemes are cofactors for cytochromes and are therefore required for respiration and growth on nonfermentable compounds as the source of carbon and energy (1a, 24) . At the same time, respiration and some other intracellular processes produce the toxic substance H 2 O 2 , which can also be released by activated macrophages in the mammalian host. To combat these threats, enteric bacteria produce two catalases, which both contain heme. Two additional tetrapyrroles are produced from uroporphyrinogen III by a branch off the main heme biosynthetic pathway. Siroheme is the cofactor for an enzyme that reduces sulfite for use in cysteine biosynthesis (23) . Additionally, the same branch of the heme pathway is used by S. typhimurium to synthesize vitamin B 12 , a cofactor utilized by several different enzymes (reviewed in reference 30) .
The enzyme glutamyl-tRNA reductase (HemA) catalyzes the first committed step of the heme biosynthetic pathway, the reduction of charged glutamyl-tRNA Glu to form glutamate-1-semialdehyde, an unstable intermediate which is then converted to 5-aminolevulinic acid (ALA) by the product of the hemL gene (reviewed in references 3 and 21). The latter reaction can proceed slowly in vitro in the absence of an enzyme catalyst (19) . HemA is also the target of heme-specific regulation. Recently we described the regulation of the HemA enzyme, in response to limitation for heme, by a mechanism that involves stabilization of the protein (36, 37) . Experimentally, heme limitation is imposed by adaptation of a bradytrophic hemL null mutant to growth in the absence of ALA. The growth rate of adapted hemL cells is approximately 80% of that of ALA-supplemented hemL or wild-type cells. It is not yet clear how bacteria experience heme limitation in nature, but some possibilities include the secretion of heme pathway inhibitors by competitors, limitation for iron, or recovery from nongrowing states such as stationary phase.
Conditional stability of proteins is very rare in the enteric bacteria (excluding their accessory elements, such as plasmids and bacteriophages), although it is common in eukaryotes and is not unusual in some other bacteria. Examples of E. coli proteins exhibiting conditional stability include the sigma factors RpoH and RpoS (reviewed in reference 15), the addiction system component MazE (1) , and UmuD (13) . Recently a second instance in which a biosynthetic enzyme (LpxC) is regulated in this fashion has been discovered (27) . It is of interest to discover what determines the conditional nature of this process for HemA as well as the other proteins. The energydependent proteases Lon and ClpAP are jointly responsible for HemA degradation in vivo. We have proposed that the N-terminal part of HemA, including the residues within the first 18 amino acids, functions as a degradation tag (37) . This tag may constitute a sequence directly recognized by the proteases to initiate processive stepwise proteolysis. This model is based on the finding that a hybrid protein containing only these added amino acids, HemA 1-18 -LacZ, is degraded by the same two proteases in vivo. However, correct regulation by heme, which can be observed with the longer derivative HemA 1-416 -LacZ, is not seen with the short HemA 1-18 -LacZ protein (37) .
There is considerable precedent for the idea that the N and C termini of individual proteins can determine stability against or sensitivity to proteolysis. For example, variants of the normally unstable phage P22 Arc repressor have altered C termini that confer stability (6) . Conversely, nonpolar C-terminal tails destabilize variants of the DNA-binding domain of the phage lambda repressor (28) , and unstable Mu repressor variants selected as vir mutants have acquired hydrophobic tails (38) . The Tsp protease specifically targets the C-terminal determinant of the lambda repressor (33) . A dramatic instance of C-terminal targeting was provided by the discovery of the ssrA-dependent tagging system, which allows the release of ribosomes from broken mRNA fragments and concomitantly adds a nonpolar C-terminal degradation tag to the incomplete polypeptide (22) . The importance of the N terminus is shown by the N-end rule (35) and also by the instability conferred by an N-terminal fragment of the UmuD protein in transplant experiments (13) . The finding that the function of the hydrophobic ssrA tag is blocked by charged C-terminal amino acids (16a) parallels the approach taken here.
If the N-terminal sequence of HemA constitutes a tag for protease recognition, it should be possible to find mutations which alter important residues and thereby interfere with degradation of native HemA by Lon and/or ClpAP. Here we report the isolation of a mutation that completely stabilizes HemA and HemA 1-416 -LacZ against Lon-and ClpAP-dependent turnover in vivo. The mutant was obtained by the addition of a pair of positively charged amino acids at the third and fourth positions. The simplest explanation for the mutant phenotype is that the charged amino acids block protease access to the initial cleavage site in HemA. The discovery of this mutant protein has allowed us to explore the importance of HemA turnover for correct heme regulation in vivo. In turn, this may lead to a simple screen that can be applied to recover a larger sample of mutations with effects on turnover.
MATERIALS AND METHODS

Growth of cultures.
All cultures were grown at 37°C in either Luria-Bertani (LB) medium (34) or minimal MOPS (morpholinepropanesulfonic acid) medium (26) , as modified elsewhere (5), containing 0.2% glycerol as the carbon source. Plates were prepared by using nutrient agar (Difco) with 5 g of NaCl per liter or by using NCE medium (4) with 0.2% glycerol as the carbon source. ALA was used at 2 M in minimal medium (11) , and tryptophan was used at 0.002% to supplement Trp Ϫ mutants. Antibiotics were added to rich medium to final concentrations as follows: sodium ampicillin, 100 g/ml; chloramphenicol, 20 g/ml; kanamycin sulfate, 50 g/ml; tetracycline hydrochloride, 20 g/ml; and streptomycin sulfate, 200 g/ml. For strains with FЈ plasmids grown in minimal medium, the final antibiotic concentration was 100 g of kanamycin sulfate/ml.
Construction of site-directed hemA mutations. The plasmid pTE644 carries the promoter region upstream of hemA, extending from bp 1 to bp 734 of the sequence of GenBank accession no. J04243. This segment is bounded by the naturally occurring BamHI site on the upstream side and extends to an engineered NdeI site overlapping the hemA ATG initiation codon, followed by an EcoRI site. It is inserted into pUC120 between the BamHI and EcoRI sites. (The pUC120 plasmid used here has been modified to remove its NdeI site by a fill-in step.) The NdeI site in hemA was positioned by PCR (Pfu polymerase; Stratagene), and pTE644 has been sequenced to confirm the absence of mutations in the 258-bp hemA promoter region, between the StuI site and the NdeI site overlapping the hemA ATG initiation codon. The plasmid pTE647 is pTE644 carrying an additional NdeI-EcoRI fragment including the N-terminal 184 codons of hemA. This additional fragment was produced by PCR (Pfu polymerase) and includes the sequence from bp 729 to bp 1285 (GenBank accession no. J04243). Thus, pTE647 carries 731 bp upstream and 551 bp downstream of the hemA start site, modified to include an NdeI site overlapping the ATG initiation codon. The various mutations of hemA were constructed by PCR (Pfu polymerase) and used to replace the segment of hemA lying between the NdeI and MluI sites of pTE647. This region was then sequenced for each derivative plasmid. In some cases the substitution was made directly, but in other cases it proceeded through intermediate plasmids. All DNA fragments generated by PCR have been sequenced to confirm the absence of undesired mutations. Details of steps in plasmid construction and primer sequences are available from the authors on request.
To test the function of these mutated hemA segments, each was substituted into a plasmid bearing the wild-type hemA gene under the control of the P BAD (arabinose-inducible) promoter (17) . Modification of the original plasmid, pBAD18, to give pTE570, which contains a ribosome binding site (RBS) and a unique NdeI site overlapping the ATG initiation codon, has been described previously (7) . The plasmid pTE694 is pTE570 carrying hemA and the first 6 codons of prfA (bp 732 to bp 2048 of the sequence of GenBank accession no. J04243). This segment is bounded by the NdeI site overlapping the hemA ATG initiation codon and an EcoRI site on the downstream side. As before, the construction involved several steps, and all DNA fragments generated by PCR were subsequently sequenced to confirm the absence of mutations. Mutated hemA segments were substituted into pTE694 as NdeI-NheI fragments, and their identities were confirmed by sequencing.
Transfer of hemA mutations to the E. coli chromosome. Three mutant alleles of hemA that retain the ability to complement a hemA mutant of E. coli when expressed from the P BAD promoter were transferred to the bacterial chromosome by linear transformation (31, 32) . A wild-type control containing the NdeI site overlapping the ATG initiation codon was also transferred for comparison. The recipient strain for this transformation was constructed from E. coli TE3057, which has been described in detail previously (12) . TE3057 carries a 7.5-kb fragment of S. typhimurium DNA including the wild-type hemA gene inserted into the trp operon of E. coli. It also carries a mutation in the E. coli hemA gene and so is dependent on the S. typhimurium copy of hemA for hemA function. A hemA::Kan disruption (at the MluI site at codon 19 of the S. typhimurium gene) was introduced into TE3057 by linear transformation to give TE6730. Subsequently, hemA alleles were introduced from the pTE647-based plasmids described above that contain upstream flanking DNA from the hemA promoter and the N-terminal half of hemA. Plasmids were digested with PstI, or in some cases BamHI, and then mixed with CaCl 2 -treated TE6730 cells and plated on nutrient (NB) agar selecting for Hem ϩ transformants. These Hem ϩ transformants were screened for a Kan s Amp s phenotype, and then DNA from candidate clones was analyzed by PCR. To prepare template DNA, 0.5 ml of an overnight culture grown in LB medium was centrifuged and the pelleted cells were resuspended in 1/10 volume of 10 mM Tris (pH 8.0)-0.1 mM EDTA. The resuspended cells were frozen at Ϫ70°C for 10 min, boiled for 10 min, and microcentrifuged for 10 min, and one-half the supernatant was retained. One microliter of this preparation was subjected to PCR (Taq polymerase) using S. typhimurium-specific primers. After PCR, the products were diluted threefold directly into the appropriate restriction enzyme digestion reaction mixture. All clones were tested for the presence of the NdeI and MluI sites and for a restriction site associated with the substitution when present.
Transfer to F plasmids. Strains TE7590 and TE7591 contain FЈ plasmids derived from strain TE4351, which has been described in detail previously (10) . The original plasmid was constructed by insertion of a modified Tn10 transposon into F ϩ . The transposon is Tn10d-put modified to carry a standard lac operon fusion construct and a Kan r marker (10) . Strains TE7590 and TE7591 carry a hemA-lac protein fusion at codon 416 of the hemA gene and a hemA-prfA-lac protein fusion, respectively. The hemA genes of both plasmids carry a frameshift (fill-in) of the MluI site at codon 19 and are unable to confer a Hem ϩ phenotype. Each E. coli strain carrying a hemA mutation to be transferred onto the FЈ plasmid was subjected to two preliminary steps: (i) pCDK30 (Amp r recD ϩ ) was introduced by electroporation and (ii) the FЈ plasmids described above were introduced by conjugation, with selection for Kan r Tet r Amp r . Next, recombinant FЈ plasmids that had repaired the hemA MluI site frameshift by transfer of material from the copy of the S. typhimurium hemA gene on the E. coli chromosome were isolated. These recombinants were obtained by mating the abovedescribed strains with recipient strain TE2640 (E. coli hemA8) and selecting for Hem ϩ Trp ϩ exconjugants on minimal glycerol plates containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal). Repair of the frameshift mutation is accompanied by relief from polarity. Consequently, these recombinants exhibit increased expression of lacZ. Candidate clones were screened by PCR with S. typhimurium-specific primers followed by restriction digestion to confirm the presence of diagnostic restriction sites. The resulting FЈ plasmids were then transferred to the final strain background in S. typhimurium by sequential conjugation with TE2279 and then with TE518. The final strains have a chromosomal hemA60 recA background and carry FЈ plasmids that are marked with Kan r cassettes and express either native hemA or a hemA-lacZ protein fusion, each bearing the indicated change to the coding sequence for the HemA N terminus.
Western immunoblotting and pulse-labeling analysis. Techniques for Western blotting were as described in reference 37, except that the primary antibodies were monoclonal antibodies (MAb) of the ␥1 isotype, designated H17 and H23. The rates of synthesis and turnover of HemA protein were also examined by pulse-labeling and immunoprecipitation as described previously (37) . Cells were grown to an optical density at 600 nm (OD 600 ) of 0.4 in minimal MOPS medium containing 0.2% glycerol, 2 M ALA, and kanamycin as necessary. Labeling, chase, sample preparation, immunoprecipitation, and gel electrophoresis were all performed exactly as described previously (37) .
RESULTS
Site-directed mutations that alter the N terminus of HemA.
Previous transplant experiments have shown that the N-terminal 18 amino acids of HemA confer instability on LacZ in the context of the HemA 1-18 -LacZ hybrid protein (2, 37) . This suggests a model in which the HemA N terminus contains a site recognized during the initial binding of the responsible proteases, after which proteolytic digestion would continue by a processive and relatively nonspecific mechanism. That the N terminus is also important in turnover of the native HemA protein is made more likely by the finding that both HemA 1-18 -LacZ and native HemA, as well as the full-length fusion protein HemA 1-416 -LacZ, are degraded in vivo by the same two proteases, Lon and ClpAP. These proteins are not appreciably degraded by other proteases in vivo under our standard conditions. Based on these considerations, several derivatives of the S. typhimurium hemA gene bearing alterations to the Nterminal region were constructed in the hope of finding variants whose products are stabilized against proteolysis by Lon or ClpAP. As discussed below, only mutants that encode functional enzymes as judged by in vivo complementation behavior were studied further. Retention of enzymatic activity in a particular mutant provides evidence that the defect in protease sensitivity is a specific effect.
When scanning from the HemA N terminus, the first charged residue that is encountered is His-10. Since hydrophobicity is suspected to be an important aspect of Lon protease substrates (16, 18) , we targeted three mutations to the hydrophobic N terminus of HemA. In the first set of experiments, two variants with inserts of a charged doublet of amino acids placed between Thr-2 and Leu-3 of HemA were constructed. One of these contains two lysine residues at this position (HemA[KK]), and the other contains two negatively charged amino acids (HemA [DE] ). The name and sequence of each mutant hemA derivative constructed in this study are given in Fig. 1 . In a third construct, five hydrophobic residues extending from Leu-3 to Gly-7 were deleted (HemA[ϪL]). The wild-type construct is designated HemA [WT] . Based on results from the HemA[KK] derivative and other considerations (see below), we subsequently constructed two additional mutants, which are also shown in Fig. 1 . One of these has a substitution of two alanine residues for Pro-14 and Val-15 (HemA[AA]), and the other carries an additional 10-amino-acid epitope tag at the extreme N terminus (HemA[N-myc]).
Plasmid expression system in E. coli. The various hemA genes were placed under the control of the P BAD (arabinoseinducible) promoter in the plasmid pTE570 (7), derived from pBAD18 (17) . An E. coli K-12 strain mutant for both hemA and ara (TE7054 [Table 1 ]) was transformed with each plasmid, and the ability to provide HemA function was tested.
Cultures were plated in duplicate, and on one plate a disc containing arabinose was placed ( Table 2 Western blots (immunoblots) probed with an anti-HemA MAb were used to examine expression of HemA from the plasmids that exhibited complementation ability (Fig. 2) . The E. coli host strain for this experiment (TE7054) was the same as that used in the study described above: it carries the hemA8 mutation and an ara deletion. No signal was detected for HemA protein in this strain when only the parent vector was present (Fig. 2, lane c) . When the plasmid pTE694 expressing HemA[WT] was introduced, the signal for HemA was clearly visible (lane e) and was similar to that observed from the single copy of hemA in wild-type S. typhimurium (lane a). For this E. coli strain carrying the HemA[WT] plasmid, induction with arabinose increased the abundance of HemA protein and also resulted in the appearance of additional bands that were reactive with antibody. The bands smaller than HemA were probably degradation products, but there were also apparently larger polypeptides which might be aggregates (lanes f to h). , and HemA[N-myc]) to the bacterial chromosome. This was accomplished by using an E. coli strain that carries an insertion of a 7.5-kb DNA fragment, including the S. typhimurium hemA gene, in the trp locus. The construction and use of this strain have been described previously (10, 12) . In the resulting E. coli strains, the S. typhimurium hemA gene is present in a single copy and is expressed from its native promoter, while the E. coli hemA8 allele eliminates both E. coli hemA function and the production of crossreactive material (Fig. 2, lane c) (see below). For this and several other experiments that followed, cultures were grown in medium supplemented with ALA. This was done to eliminate the possibility that small differences in the enzyme activities of the different HemA and HemA-LacZ constructs, and consequent changes in heme synthesis, would indirectly influence the stability of these proteins by altering heme regulation.
Western blot analysis was used to examine expression of the HemA protein from the HemA[WT] and HemA[KK] constructs in this E. coli background (Fig. 3) . The abundance of HemA protein was substantially increased in the strain expressing HemA[KK] (lane d) compared to that seen with HemA[WT] (lane c). The increased level might be due to either an increased rate of synthesis or a decreased rate of turnover. HemA protein was not well visualized by pulse-labeling and immunoprecipitation in these strains (data not shown). In previous work, we found it necessary to employ FЈ plasmids to increase the expression of hemA to a level detectable by immunoprecipitation. Therefore, each of the constructs was subsequently transferred from the E. coli chromosome to an FЈ plasmid (see Materials and Methods), and these plasmids were introduced into an S. typhimurium hemA recA mutant host by conjugation. The HemA signal was eliminated by this hemA mutation (Fig. 4A) a Cultures of strain TE7054 (E. coli K-12 hemA ⌬ara) carrying the indicated plasmids were grown to saturation in LB plus ampicillin (100 g/ml) and ALA (150 M). After dilution in phosphate-buffered saline, about 500 CFU was then plated on each of two NB-ampicillin plates (NB medium is selective for the Hem ϩ phenotype). A disc was placed in the center of one plate, and 10 l of 20% arabinose was pipetted onto the disc. Colony size (diameter) was scored after 16 h. ϩ, Ͻ0.5 mm; ϩϩ, Ϸ1 mm; ϩϩϩϩ, Ϸ2 mm.
b Colonies were large at the edge of the plate and smaller close to the disc where the inducer was applied.
c See the legend to Fig. 1 (Fig. 4) without an increased rate of synthesis (Fig. 5) implies that the rate of turnover of HemA[KK] was greatly reduced. This inference was confirmed by a pulse-chase experiment (Fig. 6) .
The half-life of native HemA[WT] protein was determined to be about 20 min, similar to the half-life observed previously (37) . In contrast, the HemA[KK] mutant was essentially stable (half-life, Ͼ300 min). The rate of synthesis of native HemA [WT] from the FЈ plasmid (Fig. 5, lane d) was not more than threefold higher than that observed in wild-type S. typhimurium (Fig. 5, lane a) . Test of a putative degradation tag for Lon protease. The UmuD protein of E. coli is specifically degraded by Lon both in vivo and in vitro (13) . Transplantation of the N-terminal 40 amino acids of UmuD to a normally stable protein confers instability to Lon. Two similar motifs within the N-terminal 30 amino acids of UmuD, FPLF and FPSP, both contribute to Lon proteolysis, and the double mutant is protected against proteolysis in a purified system (37) . Because proline disrupts both alpha helices and beta sheets in proteins, and since hydrophobicity is known to be important in Lon-directed cleavage of at least some substrates, it seems possible that a proline flanked by hydrophobic residues serves as a degradation tag for Lon. The N-terminal sequence of HemA includes a proline flanked by hydrophobic amino acids (Ala-13 Pro-14 Val-15). We tested whether this sequence contributes to HemA turnover by constructing a mutant in which Pro-14 and Val-15 are both changed to alanine (in HemA[AA]) (Fig. 1) (Fig. 4B, lanes e and f) . Pulse-labeling and immunoprecipitation with anti-HemA MAb revealed no difference in the rate of synthesis of HemA[AA] compared to that of HemA[WT] (data not shown). Together, these results suggest that the susceptibility of HemA[AA] to proteolysis is comparable to that of HemA [WT] . Similar results were also found for another mu- tant in which the 10-amino-acid myc epitope tag was added to the N terminus of HemA (HemA[N-myc]). Western blotting (Fig. 4B, lanes g and h) and pulse-labeling (data not shown) revealed that the N-terminal myc epitope tag does not interfere with the normal expression or regulation of HemA. (Fig. 7) . In either single protease mutant, the HemA[KK]-LacZ protein is present at a higher level than the other two. In the lon clpP double mutant, all three proteins are present at the same level (data not shown). Thus, we find no evidence that the APV sequence serves as a protease degradation tag in HemA. It should also be noted that the levels of both the native E. coli HemA protein and the HemA-LacZ fusion proteins are higher in the clpP mutant than in the lon mutant. This suggests that ClpAP may contribute more than Lon to HemA turnover.
Effect of the HemA[KK] mutation on regulation. We examined some heme-related phenotypes of strains expressing HemA[KK] when grown under conditions in which heme regulation is thought to be important. For these experiments, the mutant hemA [KK] gene was used to replace hemA at its normal position on the bacterial chromosome as described in Materials and Methods.
Two derivatives of a hemL deletion mutant, one expressing wild-type HemA and the other expressing HemA[KK] but otherwise isogenic, were constructed. As described previously (36, 37) a hemL mutant can adapt to growth in the absence of ALA supplementation. The HemA protein is stabilized in adapted hemL mutant cells. Since the only known defect of a hemL mutant is in ALA synthesis, we expected that expression of HemA [KK] would allow the hemL mutant to grow at a wildtype rate in the absence of ALA and without a period of adaptation. However, this is not what was found. The ⌬hemL strain expressing HemA[KK] does adapt to growth in the absence of ALA somewhat more rapidly than the wild type (adaptation in 1.5 h versus 2 h). However, the lag is not eliminated (data not shown), and the final growth rates of both adapted cultures are quite similar. This suggests that the metabolism of adapted (heme-limited) cells must be adjusted in additional respects beyond the stabilization of the HemA protein. Two likely possibilities include activation of cyclic AMP receptor protein through increased synthesis of cyclic AMP and the stringent response, both of which are reported to occur in heme-limited cells of E. coli (25, 29) .
A second test of HemA regulation employed otherwise wildtype cells differing only in their hemA alleles. We observed that the HemA protein disappeared from a wild-type strain in cultures that had recently entered stationary phase or had been incubated overnight (Fig. 8A, lanes a to c) , whereas HemA [KK] protein could still be detected easily in the mutant (lanes d to f). When this blot was reprobed for RpoS, the expected stationary-phase increase in RpoS abundance was observed for both strains (Fig. 8B) . A longer, more sensitive exposure of a allele and a block in hemE is grown in medium containing heme at 20 g/ml, overproduction of the accumulated intermediate uroporphyrin could be observed as a red fluorescence under UV light (Fig. 8D ). This effect was not seen in cells carrying wild-type hemA. We have shown previously that the external heme concentration negatively regulates the production of heme pathway intermediates seen in hemE mutant cells (see Fig. 3 , e.g., of reference 36). A similar qualitative plate test of hemA[KK] mutant cells revealed that heme regulation was defective (data not shown).
DISCUSSION
In this study we investigated a potential role for the Nterminal residues of the HemA protein in its conditional proteolysis. Turnover of HemA is regulated by heme or a heme-dependent process and also requires the function of the ATP-dependent proteases Lon and ClpAP (36, 37) . We found that the addition of two lysines between positions 2 and 3, conferring a positive charge to the normally hydrophobic N terminus of HemA, resulted in stabilization of the protein. In contrast, addition of an N-terminal myc epitope tag did not affect regulation. Since the myc epitope tag also contains some charged amino acids, it is not clear why the KK insertion blocks turnover while the myc epitope tag does not. Two other sitedirected changes that were made resulted in genes that do not complement a hemA defect. The corresponding proteins may be defective as enzymes or particularly unstable, and they were not studied further. Given confirmation of the importance of the HemA N terminus, the possible targeting role of a proline residue (Pro-14) flanked by hydrophobic amino acids was also tested, but no evidence for its involvement in degradation was obtained.
The simplest explanation for these results is that the added positive charge in the KK mutant blocks the initial binding of the proteases or the subsequent unfolding of the HemA protein for degradation. However, it is also possible that an accessory factor is involved (for example, a chaperone) and that the defect lies in the interaction with this protein. A third possibility is that the KK mutation acts indirectly to alter the HemA protein's conformation and eliminates binding of the protease to a distant site. This model seems unlikely since we know that the N terminus of HemA confers instability in transplant experiments and thus is likely to be directly involved in the initial binding of native HemA to the proteases. Further studies with purified components will be necessary to understand this process.
The main importance of these findings is twofold. First, the HemA[KK] mutant is clearly defective for heme-dependent regulation. Cells synthesizing the mutant protein at a rate similar to that of the wild type do not regulate HemA correctly during growth to stationary phase in any of several media. They also overproduce ALA and heme, and further, they do not respond to exogenous heme by reducing flow through the pathway, as occurs in wild-type cells. These findings confirm that conditional proteolysis is a central factor in heme regulation. Whether other regulatory effects occur with the HemA enzyme, such as feedback inhibition, remains to be seen. The second important outcome of this work is that studies of the KK mutant should allow the design of screens to obtain additional mutants in a less-directed fashion. Such mutants should help to illuminate the regulatory mechanism.
We are also left with several observations whose basis is not yet understood. One potentially quite important one is that modest overproduction of HemA, to a level still not visible on a stained gel of total cell protein, results in the complete stabilization of the protein. This suggests that a component required for proteolysis can be titrated. Saturation of Lon by its substrate SulA has been reported (9) . On the other hand, it is thought that the Lon and ClpAP proteases are relatively abundant (for reviews, see references 14 and 16), and colonies overexpressing HemA are not mucoid as one would predict if the level of the Lon substrate RcsA were elevated. We have investigated whether HemA overproduction stabilizes RcsA by measuring expression of the RcsA-dependent reporter fusion cps-lac. The results suggest that Lon function is not compromised by elevated HemA levels and indicate that the titrated component is not a protease (unpublished data). We noted that when HemA 1-18 -LacZ was expressed from a multicopy plasmid it was stable (3). This may indicate that the titrated component binds directly to the HemA N terminus.
We have previously failed in attempts to overproduce HemA to high levels by the use of tac or T7 RNA polymerase-directed systems. It seemed possible that instability to proteolysis accounts for this, but the above explanation suggests instead that proteolysis should not limit production, given an increased rate of synthesis. One simple possibility is that the function of an essential protease such as FtsH is inhibited when HemA is greatly overproduced and this has a subsequent negative impact on cell growth or protein synthesis.
Finally, since the abundance of Hem 1-416 -LacZ is substantially elevated in heme-limited cells and the abundance of the KK version is elevated in otherwise wild-type cells under all growth conditions examined, we would expect that the ␤-galactosidase activity of these strains should also be elevated comparably. Instead, the observed increase in ␤-galactosidase activity is less than twofold. We speculate that oligomerization of LacZ (which is known to be required for its activity) may be impaired, perhaps by the binding of other proteins to the HemA domain of the hybrid protein.
